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Abstract 

Background:  Obesity in pregnancy and related early-life factors place the offspring at the highest risk of being over-
weight. Despite convincing evidence on these associations, there is an unmet public health need to identify “high-
risk” offspring by predicting very early deviations in weight gain patterns as a subclinical stage towards overweight. 
However, data and methods for individual risk prediction are lacking. We aimed to identify those infants exposed to 
obesity in pregnancy at ages 3 months, 1 year, and 2 years who likely will follow a higher-than-normal body mass 
index (BMI) growth trajectory towards manifest overweight by developing an early-risk quantification system.

Methods:  This study uses data from the prospective mother-child cohort study Programming of Enhanced Adipos-
ity Risk in CHildhood–Early Screening (PEACHES) comprising 1671 mothers with pre-conception obesity and without 
(controls) and their offspring. Exposures were pre- and postnatal risks documented in patient-held maternal and child 
health records. The main outcome was a “higher-than-normal BMI growth pattern” preceding overweight, defined as 
BMI z-score >1 SD (i.e., World Health Organization [WHO] cut-off “at risk of overweight”) at least twice during consecu-
tive offspring growth periods between age 6 months and 5 years. The independent cohort PErinatal Prevention of 
Obesity (PEPO) comprising 11,730 mother-child pairs recruited close to school entry (around age 6 years) was avail-
able for data validation. Cluster analysis and sequential prediction modelling were performed.

Results:  Data of 1557 PEACHES mother-child pairs and the validation cohort were analyzed comprising more than 
50,000 offspring BMI measurements. More than 1-in-5 offspring exposed to obesity in pregnancy belonged to an 
upper BMI z-score cluster as a distinct pattern of BMI development (above the cut-off of 1 SD) from the first months of 
life onwards resulting in preschool overweight/obesity (age 5 years: odds ratio [OR] 16.13; 95% confidence interval [CI] 
9.98–26.05). Contributing early-life factors including excessive weight gain (OR 2.08; 95% CI 1.25–3.45) and smoking 
(OR 1.94; 95% CI 1.27–2.95) in pregnancy were instrumental in predicting a “higher-than-normal BMI growth pattern” 
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Background
Global rates of childhood obesity have increased dra-
matically [1]. Children with overweight or obesity are at 
high risk of maintaining overweight or obesity in adult-
hood and developing morbidities including type 2 dia-
betes (T2D), hypertension, and cardiovascular disease 
[2]. Recent evidence supports that the greatest accel-
eration in the child’s body mass index (BMI) growth 
related to sustained obesity occurs between the age of 
2 and 6 years [3], suggesting that this period is critical 
for establishing long-term growth patterns. Before this 
period, in the “developmentally plastic” first 2 years of 
life [4], rapid postnatal weight gain has been shown to 
be associated with later overweight and obesity [5].

As one of the most important risk factors [6, 7], pre-
conceptional maternal overweight and obesity, which 
affect up to 70% of pregnant women worldwide [8] and 
about 40% in Germany (obesity 16.4%) [9], contrib-
ute to an average 2- to 6-fold increased risk of over-
weight or obesity in the offspring. This effect depends 
on the severity of maternal obesity and the age of the 
child (ranging from odds ratio [OR] 2.35, 95% confi-
dence interval [CI] 2.14–2.59 at age 2–5 years to OR 
5.98, 95% CI 4.50–7.94 at age 10–18 years) [10]. Dur-
ing pregnancy, women with obesity are 2.5 times 
more likely to experience excessive gestational weight 
gain (GWG) [11, 12] and have a 3- to 5.5-fold higher 
chance of developing gestational diabetes (GDM) [13] 
than women with normal weight. After delivery, more 
than one third of mothers with overweight/obesity do 
not initiate breastfeeding [14], all representing specific 
single risk factors for childhood overweight. Circum-
stantial observations showed that maternal obesity and 
the presence of additional prenatal and/or postnatal 
factors, such as excessive GWG, no or short duration 
of breastfeeding, and unfavorable childhood eating 
habits, confer a substantially higher risk of overweight 
in offspring than maternal obesity alone [15–17]. This 
suggests that consideration of multiple and cumulative 
modifiable risk factors emerging across the very early-
life span [18, 19] may help to design overweight preven-
tion strategies for offspring of mothers with obesity.

Despite overwhelming evidence for associations of 
such risk factors with childhood overweight and obe-
sity [20, 21], there is an unmet public health need to 
identify vulnerable infants who are at highest risk of 
gaining more weight than expected prior to the mani-
festation of overweight. Previous studies have focused 
on the prediction of manifest overweight/obesity in 
preschool and school-age children, mainly for use at a 
given age [22]. However, sequential prediction of the 
earliest deviations in weight gain patterns that precede 
the manifestation of overweight is not yet achieved on 
an individual level because of the lack of underpin-
ning data on longitudinal BMI development and con-
tributing predictors to develop such an approach. This 
would require a dynamic prediction-guided prevention 
strategy with serial risk assessments for “high-risk” off-
spring, such as those exposed to obesity in pregnancy.

In this study, we first evaluated longitudinal BMI 
growth patterns in offspring of mothers with obesity 
versus those of mothers without obesity. Secondly, a 
“higher-than-normal BMI growth pattern” was uti-
lized as the endpoint, in order to define a still pre-
symptomatic at-risk status for taking a course towards 
“manifest overweight.” Furthermore, we used well-
documented risk associations to analyze potential 
contributions to the risk of developing this endpoint. 
The identified contributors were then condensed into 
a novel risk quantification system to identify those 
offspring from pregnancies with obesity who are at 
increased risk of higher-than-normal BMI growth. 
Finally, we embedded this prediction system into a pub-
lic health approach utilizing the setting of well-child 
visits for early preventive interventions. We used a 
unique and comprehensive set of longitudinal data from 
the high-risk cohort Programming of Enhanced Adi-
posity Risk in CHildhood–Early Screening (PEACHES) 
of mothers with obesity and their offspring and exter-
nally validated our findings in the population-based 
mother-child cohort PErinatal Prevention of Obesity 
(PEPO).

at age 3 months and re-evaluating the risk at ages 1 year and 2 years (area under the receiver operating characteristic 
[AUROC] 0.69–0.79, sensitivity 70.7–76.0%, specificity 64.7–78.1%). External validation of prediction models demon-
strated adequate predictive performances.

Conclusions:  We devised a novel sequential strategy of individual prediction and re-evaluation of a higher-than-nor-
mal weight gain in “high-risk” infants well before developing overweight to guide decision-making. The strategy holds 
promise to elaborate interventions in an early preventive manner for integration in systems of well-child care.

Keywords:  Maternal pre-conception obesity, Early weight gain, BMI growth, Infancy, Sequential prediction, Repeated 
risk assessment, Subclinical stage, Early prevention
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Methods
Study design and populations
PEACHES is an ongoing prospective mother-child 
cohort study of 1671 pregnant women, mainly with 
obesity (n = 949, 56.8%), designed to investigate the 
long-term consequences of maternal pre-conception 
obesity on the development of overweight and related 
metabolic diseases in mothers and their offspring [23, 
24]. Pregnant women were prospectively recruited 
during their first visit to maternity clinics (4–6 weeks 
before due date) in 23 hospitals mainly in the Munich 
area, Bavaria (southern Germany), and also in the Uni-
versity Hospital of Düsseldorf (western Germany) and 
parts of northern Germany between 2010 and 2015 
[24]. Inclusion criteria in the PEACHES cohort were 
maternal age ≥18 years, singleton pregnancy, gesta-
tional age at birth ≥37 weeks, pre-conception BMI 
≥30 kg/m2, and absence of preexisting type 1 diabetes 
(T1D) or T2D [25]. The cohort also includes moth-
ers with normal weight, both with and without GDM, 
recruited as control groups [24], and a smaller pro-
portion of overweight (and a minor number of under-
weight) mothers. In case the pregnancy record booklet 
was not ready to hand at recruitment, the mothers were 
re-categorized into BMI groups based on measured and 
recorded weight values as soon as the pregnancy record 
booklet became available, leading to reclassification 
of some women into overweight or underweight BMI 
categories [26], respectively. The study protocol of the 
PEACHES cohort was published elsewhere [24].

Data from the independent German mother-child 
cohort PEPO [27, 28] were used for validation. In the 
PEPO cohort, 11,730 children and their mothers were 
recruited from October 2009 to June 2011 prior to 
the mandatory school entry health examinations in 
6 widely distributed geographical regions in Bavaria, 
southern Germany, both urban and rural. Inclusion cri-
terion in the PEPO cohort was age of the child close to 
school entry (around 6 years). Parents and their chil-
dren were invited by mail to participate via leaflets.

The local ethics committee of the Ludwig-Maxi-
milians-Universität München, Germany, approved 
the cohort studies. Written informed consent was 
provided by all participants. The results from this 
study were analyzed and reported in accordance 
with the STrengthening the Reporting of OBserva-
tional studies in Epidemiology (STROBE) [29] and 
Transparent Reporting of a multivariable prediction 
model for Individual Prognosis Or Diagnosis (TRI-
POD) [30] guidelines (Additional file 1: S1 STROBE 
Checklist, S2 TRIPOD Statement). Data for the anal-
yses were retrieved from the PEACHES and PEPO 
databases in April 2020.

Procedures
Inclusion criteria for analysis
Mothers included in the analysis were mothers with or 
without pre-conception obesity, were not diagnosed 
with T1D/T2D, and had a full-term (≥37 weeks 0 days 
of gestation) singleton live birth. For all analyses in each 
of the cohort datasets, we combined mothers with nor-
mal weight and overweight into the category “mothers 
without obesity” (<30 kg/m2), which served as a con-
trol group, as reported by others [31, 32]. Underweight 
women (PEACHES, n = 17; PEPO, n = 392) were 
excluded from the analyses.

Potential predictors of higher‑than‑normal BMI growth
In the PEACHES cohort study, data were obtained 
mainly from patient-held maternal and child health 
records (i.e., pregnancy record booklet and well-child 
booklet) for variables including maternal BMI at con-
ception, total GWG, blood glucose concentrations for 
diagnosing GDM, parity, offspring sex and birth weight, 
and child anthropometric data. Data on maternal smok-
ing during pregnancy, parental socioeconomic status 
(SES), and breastfeeding were gathered through ques-
tionnaires using questions from the “German Health 
Interview and Examination Survey for Children and 
Adolescents” (KiGGS) cohort study [33]. Information 
relating to prenatal factors was collected retrospectively 
shortly after delivery, mainly from documentation in the 
health records or via questionnaire and/or a standardized 
physician-administered telephone interview (e.g., smok-
ing during pregnancy) [24]. In the PEPO cohort study, 
at the time of the health exam prior to primary school 
entry at around age 6 years, families were requested to 
fill out a detailed questionnaire, also containing questions 
from the KiGGS study [33]. In addition, trained study 
nurses copied all weight-related maternal and offspring 
data from the pregnancy record and well-child booklets, 
respectively.

Potential prenatal and postnatal risk predictors of 
higher-than-normal BMI growth were selected accord-
ing to their known literature-based associations with 
offspring growth [34] and/or obesity [21, 35] and the 
availability of the data in both cohorts: maternal pre-
conception BMI group, total GWG, GDM, parity, smok-
ing during pregnancy, sex, birth weight category for 
gestational age and sex, SES, breastfeeding status at 1, 
3, and 6 months, and offspring BMI status at the time of 
prediction.

Data on maternal pre-conception BMI was obtained 
at the time of recruitment from the pregnancy record 
booklet in both the PEACHES and the PEPO cohort 
studies. The pregnancy record booklet contains detailed 
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information on ultrasound checkups, laboratory assess-
ments, and weight measurements at multiple times col-
lected by the obstetrician during antenatal care visits 
[24]. We used the BMI measured at the first antenatal 
visit as a surrogate for “pre-conception BMI” based on 
studies showing only a minimal difference between pre-
conception weight self-reported and weight measured at 
the earliest antenatal visit during the first trimester [27, 
36] and through own analyses (Additional file 1: Text S2, 
paragraph 1.1) [37]. In the PEACHES cohort, BMI was 
based on maternal weight and height measured (in light 
clothing and without shoes) by trained medical personnel 
at the first antenatal visit in the physicians’ offices, if the 
visit was before 12 weeks 6 days of gestation (PEACHES 
92.4%, mean 9 weeks [SD 2 weeks] of gestation; PEPO 
88.5%, mean 8 weeks [SD 2 weeks] of gestation). If the 
first antenatal visit was later than the 13th week of ges-
tation (PEACHES 7.6%, PEPO 11.5%), pre-conception 
weight and height data as reported by the woman and 
documented at the first antenatal visit was abstracted 
from the pregnancy record booklet to calculate the pre-
conception BMI.

Maternal pre-conception BMI groups were defined 
according to World Health Organization (WHO) catego-
ries [26] in both the PEACHES and PEPO cohort stud-
ies: normal weight (BMI 18.5 to 24.9 kg/m2), overweight 
(BMI 25.0 to 29.9 kg/m2), or obese (BMI ≥30.0 kg/m2). 
Mothers with obesity were further classified according 
to the severity of obesity, which included class 1 obesity 
(BMI 30.0 to 34.9 kg/m2), class 2 obesity (BMI 35.0 to 
39.9 kg/m2), and class 3 obesity (BMI ≥40.0 kg/m2).

Total GWG was calculated using serial weight meas-
urement data, which were documented in the pregnancy 
record booklet by the consulted physician throughout 
pregnancy [27]. Total GWG was defined as the difference 
between the last measured weight before delivery and 
pre-conception weight as defined above and was catego-
rized as inadequate, adequate, or excessive according to 
the 2009 BMI-specific recommendations of the Institute 
of Medicine (now known as the National Academy of 
Medicine)/National Research Council [38].

GDM was defined as “diabetes diagnosed in the sec-
ond or third trimester of pregnancy that was not clearly 
overt diabetes prior to gestation” [39]. All women of 
the PEACHES cohort who met the inclusion criteria 
for analysis had GDM testing by undergoing a 50-g glu-
cose challenge test (GCT) or a 75-g oral glucose toler-
ance test (OGTT) during the second or third trimester 
of pregnancy (median 25 weeks 5 days, interquartile 
range [IQR] 3 weeks 1 day) [39, 40]. Diagnosis of GDM 
in the PEACHES cohort was based on blood glucose con-
centrations obtained either from the pregnancy record 
booklet or from laboratory test reports provided by the 

obstetrician. The GDM test was defined as positive when 
one or more of the three glucose concentrations of a 75-g 
OGTT met or exceeded the reference values according to 
the International Association of Diabetes and Pregnancy 
Study Groups (IADPSG) criteria (1-step procedure): fast-
ing glucose ≥5.1 mmol/l (92 mg/dl), 1-h post-load glu-
cose ≥10 mmol/l (180 mg/dl), or 2-h post-load glucose 
≥8.5 mmol/l (153 mg/dl) [41]. In the 2-step procedure, a 
positive 50-g GCT (defined as 1-h post-load glucose con-
centration ≥7.8 mmol/l [140 mg/dl] [39]) was followed 
by a 75-g OGTT according to the IADPSG diagnostic 
criteria [41]. In the PEPO cohort, women reported the 
presence of GDM at the time of the school entry health 
examinations [42] by answering the question: “Was dia-
betes newly diagnosed in pregnancy prompting dietary 
or insulin treatment?”. At the time of the mothers’ preg-
nancies, GDM testing was performed between 24 weeks 
0 day and 28 weeks 0 day of gestation according to the 
recommendations of the German Diabetes Association 
at the time of the study [43], which were comparable to 
those of the American Diabetes Association at that time 
[44]. All women with a diagnosis of GDM had received 
recommendations on treatment with insulin and/or diet, 
had been advised on weight gain goals, and had been 
monitored until the end of pregnancy by their treating 
physicians.

Data on maternal smoking were obtained retrospec-
tively through two independent data sources in the 
PEACHES cohort (questionnaire sent to each participant 
and telephone interview, both carried out shortly after 
delivery) and by questionnaire alone in the PEPO cohort. 
Reported maternal smoking during pregnancy and/or the 
postpartum phase were categorized as “any time” versus 
“no time” [27].

Information on parity was abstracted from the preg-
nancy record booklet and categorized as primiparous 
(one child) or multiparous (more than one child) [45].

Data on offspring sex and birth weight were abstracted 
from the well-child booklets [24]. Birth weight adjusted 
for gestational age and sex was categorized as large-
for-gestational-age (LGA; >90th percentile), average-
for-gestational-age (AGA; 10th to 90th percentile), or 
small-for-gestational-age (SGA; <10th percentile) based 
on the German reference population [46].

Parental SES at birth was defined using an addi-
tive index based on maternal and paternal educational 
background and current type of maternal and paternal 
employment [47]. Information on parental education 
and parental employment was collected using a question-
naire, either sent to each participant in the PEACHES 
cohort or completed at the school entry health exam in 
the PEPO cohort. Educational background was catego-
rized as “low” (<10 years of formal education [score: 1]), 
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“medium” (10 years of formal education [score: 2]), or 
“high” (>10 years of formal education [score: 3]). Type of 
employment was categorized as “not employed” (score: 1) 
or “at least part-time employed” (score: 2). The parental 
scores of educational background and employment sta-
tus were added to derive the total parental score or SES, 
which was categorized as “low/medium” (total parental 
score ≤8) or “high” (total parental score > 8).

Breastfeeding data at each time point including ages 
1 month, 3 months, and 6 months were obtained retro-
spectively through questionnaires in both the PEACHES 
(at child’s ages 6 weeks and 1 year) and the PEPO cohorts 
and dichotomized as “not full” or “full.” “Full” includes 
both exclusive and predominant breastfeeding [48], 
where “predominant” means that the infant’s main source 
of nourishment during that time was breastmilk and that 
the infant may also have received water, water-based 
drinks, fruit juice, drops, or syrups [49].

Growth outcomes until age 5 years
In both the PEACHES and the PEPO cohort studies, 
child anthropometric data were abstracted from records 
of the regular well-child visits conducted by trained pedi-
atricians and other professionals of the preventive health 
program offered to all children in Germany. In addition, 
anthropometric measurements were taken by trained 
study nurses during the school entry health exam of the 
PEPO children, including weight, height, and waist cir-
cumference, and carried out three times under standard-
ized conditions [27].

In the PEACHES cohort, data from up to 9 consecutive 
measurements of weight and length/height were avail-
able during the first 5 years of life. These 9 measurements 
were collected at birth, the 1-month visit (ages 4 to 5 
weeks), 3-month visit (ages 3 to 4 months), 6-month visit 
(ages 6 to 7 months), 1-year visit (ages 10 to 12 months), 
2-year visit (ages 21 to 24 months), 3-year visit (ages 34 
to 36 months), 4-year visit (ages 46 to 48 months), and 
5-year visit (ages 60 to 64 months). The PEPO cohort 
consisted of a maximum of 4 measurements from both 
the well-child visits (i.e., at birth, 1-year visit, and 2-year 
visit) and the school entry health examination.

Consecutive age- and sex-specific BMI z-scores (WHO 
Child Growth Standards) [50, 51] were calculated to 
first identify (i) upper BMI growth clusters and (ii) off-
spring with overweight/obesity at ages 4 and 5 years, 
respectively. We defined offspring weight status at each 
time point using the WHO BMI z-score categoriza-
tions including >1 to ≤2 SD, >2 to ≤3 SD, >3 SD as “at 
risk of overweight,” “overweight,” and “obesity,” respec-
tively, for children aged ≤60 months [51]. For children 
≥61 months, we defined “overweight” and “obesity” as 
>1 to ≤2 SD and >2 SD, respectively. The category “BMI 

z-score >1 SD” included offspring “at risk of overweight,” 
with overweight, or with obesity [51]. We assumed that 
within a normally distributed population of offspring, 
15% of offspring will be above the WHO BMI z-score 
cut-off of 1 SD [50].

Next, as the main study outcome, we used “higher-
than-normal BMI growth pattern” preceding over-
weight, which we defined as exceeding the BMI z-score 
cut-off >1 SD at least twice in relevant offspring growth 
phases between 6 months and 5 years of age. Within this 
time window, we defined “early phase” and “late phase” 
as the period between 6 months to 2 years and 3 years 
to 5 years, respectively. Each growth phase contained 
three follow-up time points of BMI z-score assessments 
from well-child visits (early phase: 6-month, 1-year, and 
2-year follow-ups; late phase: 3-year, 4-year, and 5-year 
follow-ups).

Statistical analysis
The statistical analysis plan for all analyses can be found 
in the Text S1 (Additional file 1) [38, 46, 51]. We used the 
PEACHES cohort to search for structures and develop 
prediction models and performed sample size calcula-
tions to determine the appropriate size of the validation 
cohort. Internal and external validation was performed. 
Missing data were handled as missing completely at ran-
dom since missing data relate to the timing of recruit-
ment into the PEACHES cohort (i.e., offspring were too 
young to have their well-child follow-up at the time of 
data retrieval). Follow-up drop-out in offspring mainly 
occurred because of moving away from the study area 
(Additional file 1: Table S1). Given the small proportions 
of missing values in child follow-up data (PEACHES: 7%, 
PEPO: 4%, Additional file 1: Table S1), we could not iden-
tify factors related to the drop-out of participants and 
hence did not apply missing at random or informative 
missing principles.

To identify distinct BMI growth patterns from birth 
to 5 years of age, we performed a k-means cluster analy-
sis on the longitudinal data of children of mothers with 
obesity (target group) and those of mothers without obe-
sity (control group), respectively, as a non-parametric 
explorative analysis. We explored simultaneous effects of 
prenatal and postnatal factors on the endpoint “higher-
than-normal BMI growth pattern” in offspring from birth 
to 5 years of age and during the early and late phases sep-
arately by logistic regression (including the early-phase 
BMI growth pattern as a potential factor influencing the 
late-phase pattern).

The predictive potential of prenatal and postnatal fac-
tors on the offspring’s “higher-than-normal BMI growth 
pattern” was examined using penalized logistic regres-
sion (least absolute shrinkage and selection operator 
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[LASSO]) to develop consecutive prediction models and 
risk scoring during well-child visits at age 3 months, 1 
year, and 2 years. Models were optimized according to 
their discriminative power (area under the receiver oper-
ating characteristic [AUROC]) by internal cross-valida-
tion. Risk scores were based on linear predictors from 
logistic regression. All prediction models were externally 
validated in the PEPO cohort. Calibration plots were 
based on Steyerberg et al. [52]. Data were analyzed using 
R software, version 3.5.1. Additional details on all statisti-
cal methods are available in the Text S2 (Additional file 1) 
[37, 51, 53–65]. Information on the quantification of 
individual risk including the development of risk scoring 
and risk probability assessment is provided in the Text S3 
(Additional file 1).

Results
Characteristics of study populations
A total of 1557 women (n = 887 [57.0%] with obesity and 
n = 670 [43.0%] without obesity) of the PEACHES cohort 
and 9874 women (n = 917 [9.3%] with obesity and n = 
8957 [90.7%] without obesity) of the PEPO cohort were 
included in our analyses (Fig. 1, Table 1). The proportion 

of women excluded from the analyses due to missing data 
is <1% in the PEACHES cohort and 3.3% in the PEPO 
cohort (Fig. 1).

Baseline characteristics of mothers with and with-
out obesity and their children are presented in Table  1. 
Among the mothers without obesity in the PEACHES 
cohort, 442 (66%) were normal weight and 228 (34%) 
were overweight, whereas in the PEPO cohort, 6808 
(76%) were normal weight and 2149 (24%) were over-
weight. There was good agreement (98.7%, n = 
1218/1234) between pre-conception weight self-reported 
and weight measured at the earliest antenatal visit (mean 
9 weeks [SD 2 weeks] of gestation) of the PEACHES 
women (correlation coefficient 0.988), similar to data of 
the PEPO cohort [27].

Compared to control mothers without obesity, moth-
ers with obesity in each cohort had higher percent-
ages of LGA birth weight and shorter durations of full 
breastfeeding. Among women with obesity in each of 
the cohorts, despite having a lower mean total GWG, 
there was a higher proportion of excessive GWG accord-
ing to the BMI-specific cut-offs [38] than among women 
without obesity. The proportion of GDM among women 

Discovery Cohort Validation Cohort 

Women enrolled in the  
PEACHES cohort 

(n=1671) 

Women enrolled in the  
PEPO cohort 

(n=11,730) 

Inclusion criteria for analysis not meta (n=110) 
or data on inclusion criteria not available (n=4) 

Inclusion criteria for analysis not meta (n=1520) 
or data on inclusion criteria not available (n=336) 

Mothers with and without obesity 
(n= 9874) 

Mothers with and without obesity 
(n=1557) 

Mothers with and without obesity and with complete 
data on covariates and child follow-ups 

Prediction at age 3 months: n=1278 

Prediction at age 1 year: n=1160 

Prediction at age 2 years: n=1153 

Mothers with and without obesity and with complete 
data on covariates and child follow-upsd 

Prediction at age 1 year: n=7191 

Prediction at age 2 years: n=7098 

Age 3 monthsc (n=252) 
Age 1 yearc (n=370) 
Age 2 yearsc (n=377) 

Cluster analysesb Missing child follow-ups (n=27) 

Mothers with and without obesity 
(n=1530) 

Missing covariates or 
follow-up  

Age 1 yearc (n=2683) 
Age 2 yearsc (n=2776) 

Missing covariates or 
follow-up  

Prediction analyses 

Fig. 1  Flow chart of the study populations. aDid not meet inclusion criteria for analysis, i.e., pre-conception obesity, overweight, or normal weight, 
full-term (≥37 weeks 0 days of gestation) singleton live birth, or absence of T1D/T2D. bIdentification of BMI growth clusters was not performed in 
the PEPO cohort due to limited offspring follow-up time points. BMI growth clusters identified in the PEACHES cohort were validated in the PEPO 
cohort. cMissing information on at least one of the potential prenatal and postnatal predictors including maternal pre-conception BMI group, 
total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational age and sex, SES, breastfeeding status at 1, 3, and 6 
months, and/or on offspring BMI status at the respective prediction time point. dExternal validation of prediction models at age 3 months was not 
performed due to unavailability of offspring BMI data at age 3 months in the PEPO cohort. BMI, body mass index; GDM, gestational diabetes; GWG, 
gestational weight gain; PEACHES, Programming of Enhanced Adiposity Risk in CHildhood–Early Screening; PEPO, PErinatal Prevention of Obesity; 
SES, socioeconomic status; T1D, type 1 diabetes; T2D, type 2 diabetes
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Table 1  Characteristics of the study populations

Values are mean (SD), median (IQR), or n (%). Participants with any missing information for baseline characteristics were excluded

BMI, body mass index; GDM, gestational diabetes; GWG​, gestational weight gain; IQR, interquartile range; NA, not available; PEACHES, Programming of Enhanced 
Adiposity Risk in CHildhood–Early Screening; PEPO, PErinatal Prevention of Obesity
a The group of mothers without obesity also comprises a group of normal weight mothers with GDM, recruited as one of the control groups, as reported previously 
[24]
b Follow-up anthropometric measurements at the well-child visits
c Data collected at the school entry health examination, which is an obligatory check-up for children eligible to enter primary school in the coming year (before 
turning 6 years old) and generally takes place after the 5-year well-child visit

Maternal/child characteristics Discovery cohort: PEACHES (n = 1557) Validation cohort: PEPO (n = 9874)

Mothers with obesity 
(n = 887)

Mothers without 
obesity (n = 670)

Mothers with obesity 
(n = 917)

Mothers without 
obesity (n = 
8957)

Maternal characteristics
  Age at conception, years 31.3 (5.3) 32.6 (5.3) 29.2 (4.9) 29.0 (5.3)

  Pre-conception BMI, mean (SD), kg/m2 37.0 (5.2) 24.0 (3.1) 34.1 (3.8) 23.1 (2.7)

  Pre-conception BMI, median (IQR), kg/m2 36.1 (7.3) 23.6 (4.8) 33.0 (3.8) 22.6 (4.8)

  Pre-conception BMI group

    Normal weight NA 442 (66.0) NA 6808 (76.0)

    Overweight NA 228 (34.0) NA 2149 (24.0)

    Obese class I 384 (43.3) NA 633 (69.0) NA

    Obese class II 278 (31.3) NA 200 (21.8) NA

    Obese class III 225 (25.4) NA 84 (9.2) NA

  GDM 321 (40.2) 359 (55.9)a 65 (7.2) 213 (2.4)

  Smoking at any time during pregnancy 250 (28.4) 110 (16.7) 146 (16.2) 977 (11.1)

  Primiparous 444 (50.1) 387 (57.8) 551 (62.3) 5648 (66.3)

  Socioeconomic status at birth, high 244 (31.0) 408 (69.6) 125 (14.2) 2519 (29.3)

  Total GWG, kg 10.9 (6.9) 13.0 (5.3) 10.3 (6.6) 13.8 (5.0)

  Total GWG​

    Adequate 218 (24.7) 237 (35.7) 197 (23.1) 3175 (38.4)

    Excessive 512 (58.0) 237 (35.7) 486 (57.1) 3171 (38.3)

      Inadequate 153 (17.3) 190 (28.6) 168 (19.7) 1925 (23.3)

Child characteristics
  Sex, female 420 (47.4) 351 (52.4) 450 (49.1) 4315 (48.2)

  Birth weight category

    Average-for-gestational-age 690 (77.8) 520 (77.6) 684 (76.6) 7070 (81.1)

    Large-for-gestational-age 101 (11.4) 45 (6.7) 130 (14.6) 677 (7.8)

    Small-for-gestational-age 96 (10.8) 105 (15.7) 79 (8.8) 971 (11.1)

  Full breastfeeding, at 1 month 430 (49.2) 470 (71.5) 521 (59.0) 6475 (74.4)

  Full breastfeeding, at 3 months 338 (38.9) 431 (66.5) 401 (46.1) 5381 (62.2)

  Full breastfeeding, at 6 months 156 (18.0) 185 (28.6) 198 (22.9) 2977 (34.8)

  Child age (months) at follow-upb

    At 1-month follow-up 1.1 (0.2) 1.1 (0.2) NA NA

    At 3-month follow-up 3.3 (0.5) 3.3 (0.5) NA NA

    At 6-month follow-up 6.3 (0.7) 6.3 (0.7) NA NA

    At 1-year follow-up 11.7 (0.9) 11.8 (0.8) 11.8 (0.8) 11.8 (0.8)

    At 2-year follow-up 23.9 (1.2) 24.0 (1.2) 23.8 (1.2) 23.9 (1.1)

    At 3-year follow-up 36.1 (1.1) 36.2 (1.1) NA NA

    At 4-year follow-up 48.2 (1.4) 48.2 (1.3) NA NA

    At 5-year follow-up 62.3 (2.2) 62.1 (1.7) 69.9 (4.8)c 69.7 (4.4)c
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with obesity in the PEACHES cohort was 40% as in other 
studies [66], considering the average maternal age of > 30 
years as an additional risk factor, whereas in the PEPO 
cohort this number was only 7.2% resulting from former 
less stringent criteria for diagnosing GDM [43, 44]. The 
mean (SD) age at child follow-up in each cohort is pro-
vided in Table 1. The median number of available follow-
up data from the well-child visits was 9 (IQR 1) in the 
PEACHES cohort and 4 (IQR 1) in the PEPO cohort.

Data on demographic characteristics of mothers 
enrolled in the PEACHES and PEPO cohorts (Table  1) 
are similar to the German estimates, including maternal 
age (Germany: mean 31.6 years at birth [67]) and propor-
tion of female offspring (Germany 48.6% [9]). The pro-
portion of mothers belonging to a low SES at birth was 
18.1% in the PEACHES cohort (Germany 20.1% [68]), 
whereas more women of the PEPO cohort had a low SES 
(32.9%). Furthermore, the proportion of children with 
overweight/obesity was higher in the PEACHES cohort 
as a total (age 3 years 7.2%) than the German (3.3%) [69] 
or PEPO (4.5%) estimates, based on the specific recruit-
ment of mothers with obesity, whereas the proportions 
were similar when compared to only the children of 
mothers without obesity in the PEACHES cohort (3.2%).

BMI growth patterns in offspring
The overall follow-up rate was 93% in PEACHES children 
and 96% in PEPO children providing 12,699 and 38,022 
consecutive anthropometric measurements, respectively 
(Additional file 1: Table S1). Individual BMI growth pat-
terns among PEACHES offspring of mothers with obesity 
(Fig. 2A) and mothers without obesity (controls) (Fig. 2B) 
allowed identification of two distinct BMI growth pat-
terns from birth to 5 years of age (Fig. 2C, D, Additional 
file 1: Table S2). Among offspring of mothers with obe-
sity, 21% (185/875) belonged to the upper growth clus-
ter showing steep mean BMI z-score increments from 
birth onwards resulting in an early crossing of the WHO 
BMI z-score cut-off >1 SD at age 6 months and a growth 
peak at age 2 years (Fig.  2C). Across the subsequent 3 
years, the mean BMI z-score leveled off (1.79 SD) result-
ing in overweight and obesity at 4 years (OR 44.56, 95% 
CI 20.64–96.17) and 5 years of age (OR 16.13, 95% CI 
9.98–26.05).

In contrast, among 27.9% (183/655) of offspring of 
mothers without obesity, the upper-cluster pattern 
showed crossing of the mean BMI z-score >1 SD at 1 year 
of age, which appeared to decrease after peak growth at 
age 2 years (1.27 SD) (Fig.  2D) but also contributed to 
preschool overweight and obesity (age 4 years: OR 31.86, 
95% CI 4.08–249.01 and age 5 years: OR 27.55, 95% CI 
11.88–63.88).

Among all children belonging to upper clusters 
(Fig. 2C, D), those exposed to gestational obesity were at 
much higher risk of having multiple occasions (≥5 times) 
of BMI z-score >1 SD from age 6 months onwards (OR 
5.09, 95% CI 2.99–8.68) or developing preschool over-
weight and obesity (age 4 years: OR 7.38, 95% CI 3.68–
14.81 and age 5 years: OR 4.90, 95% CI 2.80–8.59) than 
offspring of mothers without obesity (Additional file  1: 
Figure S1) [51].

In contrast to the patterns of upper BMI growth clus-
ters, the clusters of lower BMI growth showed similar 
dynamics from birth to age 2 years in the offspring of 
mothers with and without obesity and were below 1 SD 
throughout the entire period until 5 years of age (Fig. 2C, 
D, Additional file  1: Table  S2). However, the cluster of 
lower BMI growth in the offspring of mothers without 
obesity was lower than that observed in the offspring of 
mothers with obesity. Among all offspring of the clusters 
of lower BMI growth who were older than 2 years of age, 
those exposed to maternal obesity in pregnancy showed 
a plateau in mean BMI z-scores, whereas offspring of 
mothers without obesity showed a constant reduction 
in mean BMI z-scores, i.e., before the onset of adipos-
ity rebound. Adiposity rebound relates to a “period of 
dynamic changes in body composition” [70] and is equiv-
alent to the age of the nadir of a child’s BMI curve when 
the BMI starts to rise again [71].

Based on the BMI growth cluster group and BMI 
z-score in the 5-year-old PEACHES offspring, we vali-
dated BMI growth clusters in the PEPO cohort for the 
offspring of both mothers with obesity (AUROC 0.72) 
and without (AUROC 0.69).

Higher‑than‑normal BMI growth patterns in consecutive 
early‑life phases
Subsequently, we found that the upper BMI growth 
curves of offspring with LGA (40.2%, n = 39/97), AGA 
(19.6%, n = 131/669), and SGA (12.8%, n = 12/94) birth 
weights from mothers with obesity (Additional file  1: 
Figure S2A) converged at age 3 months and continued 
all at a similarly high BMI growth level until age 5 years 
(Additional file  1: Figure S3A, Figure S3B). Compara-
ble dynamics were seen in offspring of mothers without 
obesity (Additional file  1: Figure S2B, Figure S3C, Fig-
ure S3D). Based on these patterns leading to BMI con-
vergence at 3 months and subsequent levelling off after 2 
years in offspring of mothers with obesity, we determined 
the time points age 3 months to predict higher-than-nor-
mal BMI growth in the early phase and ages 1 year and 2 
years to predict the late phase, respectively.

Maternal pre-conception obesity influenced offspring 
BMI growth dynamics in the transition from early to 
late phase, e.g., twice as many offspring of mothers with 
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obesity developed or maintained a “higher-than-normal 
BMI growth pattern” when they reached the late phase 
(32.7%, n = 191/584) compared to offspring of mothers 
without obesity (16.8%, n = 72/428) (Additional file  1: 
Table S3) [51, 72].

Risk factors of higher‑than‑normal BMI growth
Next, we assessed prenatal and postnatal factors trig-
gering higher-than-normal BMI growth from birth until 
age 5 years and during early and late phases (Fig.  3, 
Additional file  1: Figure S4) [51]. Offspring exposed to 
the highest maternal pre-conception BMI in each of the 

groups of mothers with and without obesity were more 
likely to belong to the upper BMI growth cluster (Fig. 3A, 
Additional file  1: Figure S4A). Further, an LGA birth 
weight in offspring of mothers with obesity was a risk 
factor for a “higher-than-normal BMI growth pattern” in 
all growth phases studied between birth and age 5 years 
including both the early and late phases (Fig. 3A–C). In 
contrast, in offspring from pregnancies without obesity, 
an LGA birth weight influenced higher-than-normal BMI 
growth only in the early phase, not later on (Additional 
file 1: Figure S4B). An SGA birth weight was related to a 
lower BMI growth cluster in offspring of women without 
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Upper BMI growth cluster Lower BMI growth cluster

Individual BMI growth curves from birth to 5 years

Offspring age in months

(A) Mothers with obesity

Offspring age in months

(B) Mothers without obesity

Mean BMI growth clusters

Offspring age in months Offspring age in months

(C) Mothers with obesity (D) Mothers without obesity

Fig. 2  BMI growth patterns in young offspring of mothers with and without obesity. Shown are individual BMI z-score growth curves from birth 
to age 5 years in offspring of mothers with obesity (panel A) and without (panel B) enrolled in the PEACHES cohort study. Mean BMI z-score 
growth clusters along with their 95% CI are presented for offspring of mothers with obesity (panel C) and without (panel D). BMI, body mass index; 
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood–Early Screening
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(B) Higher-than-normal BMI growth in the early phase (age 6 months to 2 years) 

Intercept

Excessive GWG 

0.13 (0.08, 0.21)

1.00 (0.52, 1.90)

1.82 (1.07, 3.09)

1.90 (1.02, 3.54)
Inadequate GWG 

SGA birth weight

LGA birth weight

2.08 (1.25, 3.45)

(C) Higher-than-normal BMI growth in the late phase (age 3 years to 5 years) 

Odds ratio

Intercept

Maternal smoking during pregnancy

Higher-than-normal BMI growth
in the early phase

SGA birth weight

LGA birth weight

0.17 (0.12, 0.23)

0.73 (0.37, 1.42)

1.36 (0.93, 2.00)

1.94 (1.27, 2.95)

2.43 (1.40, 4.22)

9.19 (5.87, 14.37)

Not full BF at 1 month

Multiparity

SGA birth weight

LGA birth weight

Intercept

(A) Upper BMI growth cluster (birth to age 5 years)

0.17 (0.11, 0.27)

2.58 (1.54, 4.34)

0.60 (0.29, 1.22)

0.72 (0.48, 1.07)

Not full BF at 1 month

0.73 (0.50, 1.09)

1.38 (0.91, 2.10)

Class 2 obesity at conception

GDM positive

Maternal smoking during pregnancy

1.39 (0.94, 2.06)

1.43 (0.90, 2.28)

Class 3 obesity at conception 1.86 (1.15, 2.99)

Fig. 3  Effects of prenatal and postnatal factors on BMI growth outcomes in offspring of mothers with obesity. Shown are ORs and 95% CI of 
the influence of prenatal and postnatal factors on the development of an upper cluster of BMI growth (birth to age 5 years, panel A) and a 
“higher-than-normal BMI growth pattern,” defined as BMI z-score >1 SD [51] at least twice, during early phase (6 months to 2 years, panel B) and 
late phase (3 to 5 years, panel C) in offspring of mothers with obesity enrolled in the PEACHES cohort study. Values were derived from multivariable 
logistic regression with stepwise backward selection. Only final models based on the lowest Akaike information criterion are presented. Included 
variables in all initial models were maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight 
category for gestational age and sex, SES, breastfeeding status at 1 month. Additionally, for associations shown in panel C, “higher-than-normal 
BMI growth pattern” in the early phase was also included as an explanatory variable in the initial model. BMI, body mass index; BF, breastfeeding; 
CI, confidence interval; GDM, gestational diabetes; GWG, gestational weight gain; LGA, large-for-gestational-age; OR, odds ratio; PEACHES, 
Programming of Enhanced Adiposity Risk in CHildhood–Early Screening; SES, socioeconomic status; SGA, small-for-gestational-age
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obesity (Additional file 1: Figure S4A). Offspring of moth-
ers with obesity who were exposed to either excessive or 
inadequate GWG or smoking during pregnancy were 
likely to develop higher-than-normal BMI growth in the 
early phase or late phase, respectively (Fig. 3B, C). Lastly, 
regardless of maternal pre-conception obesity, higher-
than-normal BMI growth in the early phase strongly trig-
gered higher-than-normal BMI growth in the late phase 
(Fig. 3C, Additional file 1: Figure S4C).

Sequential prediction of higher‑than‑normal BMI growth
Using these risk factors showing differential effects on 
BMI growth in consecutive life phases after birth, we 
explored and externally validated their potential to pre-
dict early-phase and late-phase “higher-than-normal 
BMI growth patterns” at ages 3 months, 1 year, and 2 
years (Table 2, Additional file 1: Table S4) [51]. Based on 
these findings, we provide a workable approach for indi-
vidual risk score calculations and risk probability assess-
ment (Additional file  1: Text S3, Table  S5) [51]. Risk 
scores above or equal to the respective cut-offs indicate 
risk for higher-than-normal BMI growth.

The score based on the first risk quantification model 
applicable at age 3 months allowed a good prognosis 
of early-phase growth, and the cut-off value was opti-
mized to avoid false-negative findings: 70.7% of off-
spring of mothers with obesity with scores ≥− 1.689 will 
develop higher-than-normal BMI growth in the early 
phase (sensitivity) and 74.1% with scores <− 1.689 will 
not (specificity) (Table  2). The positive predictive value 
indicates that 40.5% of all offspring of mothers with obe-
sity identified as “at risk” at age 3 months will certainly 
develop a “higher-than-normal BMI growth pattern” in 
the early phase, and the negative predictive value indi-
cates that 91.0% of all offspring of mothers with obesity 
classified as being “not at risk” will indeed not develop 
a “higher-than-normal BMI growth pattern.” Further-
more, the positive likelihood ratio value of 2.73 indicates 
an increase (15%) [57] in the likelihood of developing a 
“higher-than-normal BMI growth pattern” in offspring 
identified as “at risk” by the prediction model at age 3 
months. The negative likelihood ratio value of 0.40 indi-
cates a decrease (20%) [57] in the likelihood of devel-
oping a “higher-than-normal BMI growth pattern” in 

Table 2  Predictive performance of a sequential algorithm to identify higher-than-normal BMI growth in offspring of mothers with 
obesity

We used the PEACHES cohort study as the discovery cohort and the PEPO cohort study as the external validation cohort for calculation of the individual child’s risk of 
a “higher-than-normal BMI growth pattern” (BMI z-score >1 SD [51] at least twice). Values are predictive parameters and their 95% CI

AUROC, area under the receiver operating characteristic; BMI, body mass index; CI, confidence interval; GDM, gestational diabetes; GWG​, gestational weight gain; NA, 
not applicable; PEACHES, Programming of Enhanced Adiposity Risk in CHildhood–Early Screening; PEPO, PErinatal Prevention of Obesity; SES, socioeconomic status
a Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational 
age and sex, SES, breastfeeding status at 1 month, breastfeeding status at 3 months, and BMI z-score >1 SD at age 3 months. External validation of models at age 3 
months could not be performed due to the lack of follow-up data at age 3 months in the validation cohort PEPO
b Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational 
age and sex, SES, breastfeeding status at 1 month, breastfeeding status at 3 months, breastfeeding status at 6 months, and BMI z-score >1 SD at age 1 year. External 
validation of models at age 1 year was performed in the validation cohort PEPO
c Potential predictors included: maternal pre-conception BMI group, total GWG, GDM, parity, smoking during pregnancy, sex, birth weight category for gestational 
age and sex, SES, breastfeeding status at 1 month, breastfeeding status at 3 months, breastfeeding status at 6 months, and BMI z-score >1 SD at age 2 years. External 
validation of models at age 2 years was performed in the validation cohort PEPO
d Offspring with a risk score above or equal to the respective cut-off score value are considered to be at risk of developing a “higher-than-normal BMI growth pattern.” 
The cut-off value of the score was optimized to avoid false-negative findings (sensitivity), which resulted in negative cut-off score values

Predictive parameter Prediction at age 3 monthsa Prediction at age 1 yearb Prediction at age 2 yearsc

Higher-than-normal BMI growth 
in early phase (6 months–2 years)

Higher-than-normal BMI growth in 
late phase (3 years–5 years)

Higher-than-normal BMI growth in 
late phase (3 years–5 years)

Discovery cohort Discovery cohort Validation cohort Discovery cohort Validation cohort

N 711 645 670 640 666

AUROC 0.69 (0.66, 0.72) 0.73 (0.70, 0.75) 0.61 0.79 (0.76, 0.81) 0.71

Cut-off score valued − 1.689 − 1.135 NA − 1.133 NA

Prevalence, n (%) 140 (20.0) 194 (30.8) 221 (33.0) 192 (30.0) 223 (33.5)

Sensitivity, % 70.7 (55.5, 82.3) 73.7 (67.6, 79.0) 68.1 (62.5, 73.2) 76.0 (70.0, 81.1) 61.0 (55.3, 66.5)

Specificity, % 74.1 (61.6, 83.6) 64.7 (58.2, 70.7) 58.2 (52.5, 63.7) 78.1 (72.9, 82.5) 68.0 (63.3, 72.4)

Positive predictive value, % 40.5 (26.5, 55.6) 48.2 (41.9, 54.5) 45.3 (40.1, 50.6) 60.7 (53.5, 67.4) 49.5 (43.6, 55.3)

Negative predictive value, % 91.0 (84.7, 95.0) 84.7 (80.2, 88.3) 78.2 (73.4, 82.4) 88.0 (84.5, 90.7) 77.2 (73.3, 80.8)

Positive likelihood ratio 2.73 (1.44, 5.03) 2.09 (1.62, 2.69) 1.63 (1.32, 2.02) 3.47 (2.58, 4.64) 1.91 (1.50, 2.41)

Negative likelihood ratio 0.40 (0.21, 0.72) 0.41 (0.30, 0.56) 0.55 (0.42, 0.71) 0.31 (0.23, 0.41) 0.57 (0.46, 0.71)
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offspring identified as “not at risk” by the same predic-
tion model at 3 months of age.

The subsequent prediction models at ages 1 year and 2 
years developed for risk re-assessments for the late phase 
showed even higher predictive performance (Table  2). 
While the negative predictive values were similarly high 
for all models, the predictive model at age 2 years had the 
highest sensitivity, specificity, positive predictive value, 
and positive likelihood ratio and the lowest negative like-
lihood ratio. Similarly good parameters were observed in 
offspring of mothers without obesity (Additional file  1: 
Table S4).

In the independent validation cohort PEPO, predic-
tion models using available data at ages 1 year and 2 years 
showed fair predictive performances in offspring of both 
mothers with and without obesity (Table  2, Additional 
file  1: Table  S4). Furthermore, prediction models at age 
1 year and 2 years for offspring of mothers with obesity 
and at age 1 year for offspring of mothers without obesity 
showed good and very good calibration (i.e., agreement 
between observed and predicted risks), respectively, 
using the external cohort PEPO (Additional file  1: Fig-
ure S5) [51]. Details on use of individual risk score cal-
culations, risk probability assessment, and clinical case 
scenarios are provided in Table S5 and the Text S3 (Addi-
tional file 1).

Discussion
Longitudinal data from two large mother-child cohorts 
led to the identification of a “high-risk” subpopulation 
of offspring susceptible to early upper deviations from 
healthy weight gain trajectories and novel risk stratifica-
tion in the very first “plastic phase” of life. Such a strat-
egy could allow cost-effective and personalized advice 
and measures to slow down or prevent otherwise ongo-
ing increases in BMI growth. Several modifiable influ-
ences associated with gestational overnutrition, such as 
grade of maternal obesity at conception, excessive GWG, 
and LGA birth weight, contributed sequentially during 
consecutive early phases to the offspring’s susceptibility 
to gain more weight than expected. Here, these already 
well-documented risk associations were translated and 
condensed into a novel serial prediction strategy for pri-
mary prevention of a “higher-than-normal BMI growth 
pattern” as a subclinical stage preceding overweight in 
clinical settings. The system of well-child visits is ideal 
for identifying risks by the pediatricians and providing 
targeted supportive measures to guide offspring BMI 
growth from early life onwards.

The 2- to 3-fold increased risk of overweight/obesity 
even in young children from pregnancies with obesity 
below age 5 years [10] prompted us to study the type 
and potential predictors of very early growth patterns 

towards overweight. Unlike previous studies [31, 73], we 
focused on identifying such growth patterns among off-
spring exposed to an adipogenic intrauterine milieu. The 
identified BMI growth pattern showing recurrent cross-
ing of BMI z-scores >1 SD—the WHO cut-off for “at risk 
of overweight”—from an early age of 6 months is highly 
likely to set the stage for developing overweight at pre-
school age, which is critical to sustained obesity [3]. The 
upper BMI growth cluster in obesity-exposed offspring 
plateaued at high levels after age 2 years. This levelling off 
is in contrast to the typical BMI decline [71] preceding 
the adiposity rebound at around 6 years [74]. Our find-
ings suggest that obesity in pregnancy could potentially 
“hit” cellular processes in the fetus, which may influence 
offspring outcomes such as postnatal appetite regulation 
and fat accretion before overweight manifestation [75].

Besides maternal pre-conception obesity [34, 76], off-
spring weight development can be shaped by additional 
influences highly associated with an obesogenic envi-
ronment during prenatal and postnatal life [77, 78]. We 
found that among such obesity-associated factors, those 
relating to intrauterine overnutrition including exces-
sive GWG contributed strongly to higher-than-normal 
BMI growth during the “plastic phase” of the first 2 years. 
Indeed, there is a need for women with obesity to be pro-
vided with more customized advice on dietary intake and 
physical activity to optimize gestational weight manage-
ment [24, 79]. For the subsequent time period of the pre-
school years, gestational smoking emerged as a relevant 
modulator of growth in offspring exposed to obesity in 
pregnancy in our study. This association may take time 
to appear since mothers who smoke at the beginning 
and/or later during pregnancy are likely to resume smok-
ing postnatally and therefore refrain from breastfeed-
ing more frequently [80, 81], predisposing offspring to 
develop overweight [82]. In mothers with obesity of the 
PEACHES cohort study who had smoked during preg-
nancy, any smoking (versus no smoking) within the first 
weeks postpartum was related to higher odds of stopping 
full breastfeeding by the end of the first month (OR 1.97, 
95% CI 1.10–3.53). Irrespective of smoking, mothers 
with obesity have been recognized to experience major 
difficulties with initiating and continuing breastfeeding 
resulting in lower breastfeeding rates in these women 
[83]. Supporting previous evidence [75], our data also 
show the relevance of an LGA birth weight for overweight 
development, irrespective of maternal pre-conception 
BMI, albeit it seemed to have adverse longer-term con-
sequences only in children of mothers with obesity. Our 
data point to the differential contribution of “obesogenic 
influences” arising from the pre-gestational, gestational, 
and perinatal periods, such as grade of maternal obesity 
at conception, excessive weight gain and smoking during 
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pregnancy, as well as LGA birth weight on higher-than-
normal BMI growth during successive early-life phases 
after birth.

Using these modifiable factors [84], we developed a 
novel strategy to identify infants likely to deviate from 
the normal BMI growth pattern as a subclinical stage 
before establishing preschool overweight. Unlike previ-
ous methods that offered prediction of manifest over-
weight [56, 85] and/or were applicable at a certain age 
only [22] and were developed for offspring born to 
women of heterogeneous BMI [22], we propose a novel 
sequential strategy of prediction and re-evaluation of 
higher-than-normal weight gain in “high-risk” offspring 
of mothers with obesity at ages 3 months, 1 year, and 2 
years to guide pediatric decision-making (Fig. 4). Owing 
to these differences in the outcome (“higher-than-normal 
BMI growth pattern”), population (offspring of moth-
ers with obesity), and prediction time points (sequential 
prediction) between our and previous work, prediction 
models cannot be directly compared. Integrating such 
a novel dynamic element in the existing health care sys-
tem of well-child visits could help to quantify and confine 
risk to subpopulations and individuals at high necessity 
to intervene. These preventive visits have a high par-
ticipation rate [86], even up to 99% of children in Ger-
many, and take place seven times during the first 2 years 
of life [87]. Interventions to optimize BMI development 
during the first 1000 days are more beneficial than dur-
ing preschool ages [88], as an “adaptive phase” when off-
spring have a chance of returning to their “genetic growth 
potential” [89].

Thus, following risk stratification by individual 
risk score and probability calculation at the 3-month 

well-child visit, breastfeeding continuation can be rein-
forced by the pediatrician, given the protective role of 
breastfeeding, e.g., in overweight prevention [82]. Con-
sidering the generally low exclusive breastfeeding rates 
at 6 months (Europe 25% [90]; Germany 12.5% [91]) and 
the lack of effective intervention strategies to increase 
the rate and duration of breastfeeding particularly in 
mothers with obesity [92], prediction-guided “individu-
alized” breastfeeding support by prescribing extra lacta-
tion counselling beyond standard care seems promising. 
Following risk prediction at the 1-year and 2-year visits, 
mothers with obesity and “high-risk” children may ben-
efit from specific dietary counselling by nutritionists 
to encourage healthy complementary and family food 
choices, since early eating patterns determine future eat-
ing habits and the development of childhood overweight/
obesity [93].

Typical for a screening setting, our prediction models 
show high sensitivity to avoid false-negative cases and 
high negative predictive values to avoid misclassification 
as being “not at risk” in offspring with higher-than-nor-
mal BMI growth. Furthermore, even a high false-positive 
rate, i.e., identifying offspring with normal BMI devel-
opment as being “at risk,” can be considered acceptable 
since obesity-preventive interventions including exclu-
sive breastfeeding [82] and improved nutrition (such as 
healthier complementary and family food choices) as well 
as supportive environments (such as reducing screen 
time, increasing physical activity, maintaining a sleep 
duration of 10 to 14 h per day) [94–96] (Fig. 4) are ben-
eficial and safe for young children’s growth in general. 
However, targeting such interventions to a defined sub-
population of offspring at need will direct resources, i.e., 

PregnancyPre-conception
Late phase: 

3 years to 5 years

Conception Birth 5 y

Early phase: 
6 months to 2 years

3 m

Converging 
phase

1 y

Risk quantificationa First risk 
re-assessmentb

Exclusive 
breastfeeding until 

age 6 months
Adjustments in nutrition and home environmentdAge-appropriate interventions 

if risk score is above cut-off, e.g.

Well-child visits
Second risk 

re-assessmentc

3 y6 m 4 y2 y

Fig. 4  Prediction-guided prevention strategy for the risk of developing a “higher-than-normal BMI growth pattern” preceding overweight. 
“Higher-than-normal BMI growth pattern” defined as BMI z-score >1 SD [51] at least twice in relevant growth phases from 6 months to 5 years. 
aInitial risk quantification is performed at the 3-month well-child visit for “higher-than-normal BMI growth pattern” during the early phase (6 months 
to 2 years). bFirst risk re-assessment is performed at the 1-year visit for “higher-than-normal BMI growth pattern” during the late phase (3 to 5 
years). cSecond risk re-assessment is performed at the 2-year visit for “higher-than-normal BMI growth pattern” during the late phase (3 to 5 years). 
dOverweight-preventive measures such as healthier complementary and family food choices, reduced screen time, increased physical activity, and 
a sleep duration of 10 to 14 h per day. If a risk score is above or equal to the respective cut-off score value (Table 2, Additional file 1: Table S4), the 
child is at risk of developing a “higher-than-normal BMI growth pattern,” and age-appropriate obesity-preventive measures should be initiated by 
the pediatrician. BMI, body mass index; h, hours; m, months; y, year(s)
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costs for personal counselling, to those at the highest risk 
of excessive BMI growth and help minimizing health care 
costs.

The strength of our study is the large contemporary 
prospective mother-child cohort PEACHES of 1671 
mothers and children providing a unique longitudinal 
dataset with wide-ranging pre-, peri-, and postnatal vari-
ables from mothers with obesity, and thus, it was used as 
the discovery cohort. Multiple anthropometric measure-
ments improved precision to identify minor deviations 
in BMI growth especially in the sensitive first months of 
life. Based on the time structure of the data and use of 
robust machine learning techniques [97, 98], our pro-
posed strategy provides multiple prediction occasions 
within an early window of opportunity for prevention 
of higher-than-normal BMI growth, utilizing routinely 
available data and making it easy-to-use in clinical set-
tings [99]. Internal (cross-validation) and external (PEPO 
cohort) validation showed good discrimination between 
higher-than-normal and normal BMI growth in offspring 
of mothers either with or without obesity. Attrition bias 
is unlikely as the follow-up rates in offspring were around 
95% in both the PEACHES and PEPO cohorts. The pre-
diction models performed sufficiently well and showed 
good to very good calibration for early-risk stratification 
and identification of “high-risk” offspring.

Minor differences between the two cohorts relating to 
the recruitment strategy, the proportion of mothers with 
pre-conception obesity, and offspring follow-up time points 
could influence the lower predictive potential of models in 
the PEPO cohort. However, despite the differences, exter-
nal validation showed adequate predictive performance 
and indicates robustness of our results. Furthermore, we 
aimed at developing discriminative models for offspring of 
mothers with and without obesity separately and did not 
recalibrate the models when applied to the external cohort 
PEPO. Nevertheless, the predictive models require recali-
bration when applied to other populations. For prediction 
models relating to offspring of mothers without obesity, 
results may not be comparable to other studies with a dif-
ferent composition in the proportions of mothers with 
normal weight and overweight. Still, we were able to con-
firm our findings in the PEPO cohort. Regarding the asso-
ciation analyses, we used literature-based risk associations 
for manifest overweight and applied them to the endpoint 
“higher-than-normal BMI growth pattern” to test whether 
there is evidence for an association based on a qualitative 
approach. Therefore, we did not correct model coefficients 
by specific shrinking techniques. However, for the develop-
ment of our prediction score, this was accounted for using 
penalized regression strategies.

Future studies should develop a user-friendly tool for risk 
score calculations and evaluate prospectively whether the 

proposed prediction strategy is effective in guiding favorable 
BMI growth in early childhood. Such a tool should be easy-
to-use in clinical practice, and results should be communi-
cated in an informative manner [100, 101], e.g., a web-based 
Shiny application developed using the Shiny R package for 
building easy and interactive web apps in R [102]. Imple-
menting such an instrument and designing a prospective 
validation study are plans for our future research.

Conclusion
In conclusion, based on a unique set of validated longitu-
dinal data on BMI outcomes in offspring exposed to obe-
sity in pregnancy, we identified a population of offspring 
at highest risk of an early-starting higher-than-normal 
BMI growth trajectory inevitably followed by overweight. 
For individual risk quantification, we devised a novel 
sequential prediction system to allow early-risk strati-
fication and re-evaluation for prevention of a “higher-
than-normal BMI growth pattern” as a subclinical stage 
preceding overweight. Our proposed prediction strategy 
could stimulate the use of cost-effective and personalized 
advice and measures counteracting the risk of very early 
excess weight gain. Integrating such a procedure in the 
existing health care systems of well-child visits could help 
to quantify and confine risk to subpopulations and indi-
viduals at high necessity to intervene.
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(panel B, D) by birth weight category for gestational age and sex in 
offspring of mothers with and without obesity enrolled in the PEACHES 
cohort study. AGA, average-for-gestational-age; BMI, body mass index; 
LGA, large-for-gestational-age; PEACHES, Programming of Enhanced 
Adiposity Risk in CHildhood–Early Screening; SGA, small-for-gestational-
age. Figure S4. Effects of prenatal and postnatal factors on BMI growth 
outcomes in offspring of mothers without obesity. Shown are ORs and 
95% CI of the influence of prenatal and postnatal factors on the 
development of an upper cluster of BMI growth (birth to age 5 years, 
panel A) and a “higher-than-normal BMI growth pattern,” defined as BMI 
z-score >1 SD [51] at least twice, during early phase (6 months to 2 years, 
panel B) and late phase (3 years to 5 years, panel C) in offspring of mothers 
without obesity enrolled in the PEACHES cohort study. Values were 
derived from multivariable logistic regression with stepwise backward 
selection. Only final models based on the lowest Akaike information 
criterion are presented. Included variables in all initial models were 
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during pregnancy, sex, birth weight category for gestational age and sex, 
SES, breastfeeding status at 1 month. Additionally, for associations shown 
in panel C, “higher-than-normal BMI growth pattern” in the early phase 
was also included as an explanatory variable in the initial model. BMI, 
body mass index; CI, confidence interval; GDM, gestational diabetes; GWG, 
gestational weight gain; LGA, large-for-gestational-age; OR, odds ratio; 
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood–Early 
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Figure S5. Calibration plots of prediction models for identifying a 
“higher-than-normal BMI growth pattern” in the validation cohort. Shown 
are calibration curves (blue lines) and calibration slopes and intercepts for 
offspring of mothers with obesity (panel A, B) and without obesity (panel 
C, D) by the prediction models at age 1 year and 2 years. The diagonal 
gray lines represent the optimal prediction; the closer the model curve is 
to the diagonal line, the more accurate is the prediction. At the top of 
each graph, dots indicate presence of the outcome “higher-than-normal 
BMI growth pattern,” defined as BMI z-score >1 SD [51] at least twice, in 
the late phase (3 years to 5 years). At the bottom of each graph, dots 
indicate absence of the outcome “higher-than-normal BMI growth 
pattern” in the late phase. Calibration of models at age 3 months for 
“higher-than-normal BMI growth pattern” in the early phase (6 months to 
2 years) could not be performed due to the lack of follow-up data at age 3 
months in the validation cohort PEPO. BMI, body mass index; PEPO, 
PErinatal Prevention of Obesity. Table S1. Offspring follow-up rates in the 
study populations. Values are n (%). aMissing data in the PEACHES cohort 
were due to loss to follow-up. Missing data in the PEPO cohort were due 
to lack of availability of data in the records of the regular well-child visits at 
the time of school entry health examination. bA total of 13 and 297 
children enrolled in the PEACHES cohort were too young for the follow-up 
visit at age 4 and 5 years, respectively, and therefore were not included in 
the “total” category. Missing data were considered missing completely at 
random. NA, not available; PEACHES, Programming of Enhanced Adiposity 
Risk in CHildhood–Early Screening; PEPO, PErinatal Prevention of Obesity. 
Table S2. Mean BMI z-scores by BMI growth cluster in offspring of 
mothers with and without obesity. Values are mean and 95% CI in 
offspring of mothers with and without obesity enrolled in the PEACHES 
cohort study. aOf a total of 887 children included for cluster analysis, 875 
children could be categorized into longitudinal BMI growth clusters based 
on an adequate number of data points. bOf a total of 670 children 
included for cluster analysis, 655 children could be categorized into 
clusters based on an adequate number of data points. cA total of 276 and 
549 children enrolled in the PEACHES cohort were not included in the 
cluster analysis at age 4 and 5 years, respectively, because of follow-up not 
yet due (age 4 years: n=13, age 5 years: n=297) or missing data due to 

loss to follow-up (age 4 years: n=263, age 5 years: n=252). Missing data 
were considered missing completely at random. BMI, body mass index; CI, 
confidence interval; PEACHES, Programming of Enhanced Adiposity Risk in 
CHildhood–Early Screening. Table S3. Offspring BMI growth dynamics in 
consecutive life phases after birth following exposure to gestational 
obesity. Values are n (%) in offspring enrolled in the PEACHES cohort study. 
Only children with complete data on BMI z-scores in both the early and 
late phase are presented. aIncludes values for categories “normal range” 
(≥-2 to ≤1 SD) and a minor proportion of children with <-2 SD [72]. bBMI 
z-score >1 SD defined as occurring once. Includes values for categories “at 
risk of overweight” (>1 to ≤2 SD), overweight (>2 to ≤3 SD), and obesity 
(>3 SD) [51]. c“Higher-than-normal BMI growth pattern” defined as BMI 
z-score >1 SD [51] at least twice. BMI, body mass index; PEACHES, 
Programming of Enhanced Adiposity Risk in CHildhood–Early Screening. 
Table S4. Predictive performance of a sequential algorithm to identify 
higher-than-normal BMI growth in offspring of mothers without obesity. 
We used the PEACHES cohort study as the discovery cohort and the PEPO 
cohort study as the external validation cohort for calculation of the 
individual child’s risk of a “higher-than-normal BMI growth pattern” (BMI 
z-score >1 SD [51] at least twice). Values are predictive parameters and 
their 95% CI. aPotential predictors included: maternal pre-conception BMI 
group, total GWG, GDM, parity, smoking during pregnancy, sex, birth 
weight category for gestational age and sex, SES, breastfeeding status at 1 
month, breastfeeding status at 3 months, and BMI z-score >1 SD at age 3 
months. External validation of models at age 3 months could not be 
performed due to the lack of follow-up data at age 3 months in the 
validation cohort PEPO. bPotential predictors included: maternal 
pre-conception BMI group, total GWG, GDM, parity, smoking during 
pregnancy, sex, birth weight category for gestational age and sex, SES, 
breastfeeding status at 1 month, breastfeeding status at 3 months, 
breastfeeding status at 6 months, and BMI z-score >1 SD at age 1 year. 
External validation of models at age 1 year was performed in the 
validation cohort PEPO. cPotential predictors included: maternal 
pre-conception BMI group, total GWG, GDM, parity, smoking during 
pregnancy, sex, birth weight category for gestational age and sex, SES, 
breastfeeding status at 1 month, breastfeeding status at 3 months, 
breastfeeding status at 6 months, and BMI z-score >1 SD at age 2 years. 
External validation of models at age 2 years was performed in the 
validation cohort PEPO. dOffspring with a risk score above or equal to the 
respective cut-off score value are considered to be at risk of developing a 
“higher-than-normal BMI growth pattern.” The cut-off value of the score 
was optimized to avoid false-negative findings (sensitivity), which resulted 
in negative cut-off score values. AUROC, area under the receiver operating 
characteristic; BMI, body mass index; CI, confidence interval; GDM, 
gestational diabetes; GWG, gestational weight gain; NA, not applicable; 
PEACHES, Programming of Enhanced Adiposity Risk in CHildhood–Early 
Screening; PEPO, PErinatal Prevention of Obesity; SES, socioeconomic 
status. Table S5. Scoring system for quantification of risk of higher-than-
normal BMI growth in young offspring. aThe equations can be used for 
sequential individual risk quantification of a “higher-than-normal BMI 
growth pattern” (BMI z-score >1 SD [51] at least twice) in offspring of 
mothers with or without pre-conception obesity separately. The prenatal 
and postnatal variables in the risk quantification equations should be 
replaced by pre-defined values (0 or 1) depending on whether the 
condition stated is fulfilled (1) or not (0). The calculated risk score should 
be compared to the respective cut-off score value (Table 2, Additional 
file 1: Table S4) . Offspring with a risk score above or equal to the 
respective cut-off are considered to be at risk of developing a “higher-
than-normal BMI growth pattern.” Details on calculating individual risk 
probabilities and use of individual risk score calculations along with 
clinical case scenarios are provided in the Text S3 (Additional file 1). BMI, 
body mass index; BF, breastfeeding; GDM, gestational diabetes; GWG, 
gestational weight gain; m, month(s); LGA, large-for-gestational-age; SES, 
socioeconomic status; SGA, small-for-gestational-age; y, year(s).
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